This paper focuses on the wind-induced vibration control of the Dalian international trade mansion DITM by using the tuned liquid dampers TLDs . To avoid the intensive computationally demanding problem caused by tens of thousand of degrees of freedom DOF of the structure in the numerical analysis, the three-dimension finite element model of the DITM is first simplified to the equivalent series multi-DOF system. The wind loading is subsequently simulated by the Davenport model according to the structural environmental condition where the actual samples of wind speed are measured. Following that, the shallow-and deep-water wave theories are applied to model the liquid sloshing inside TLDs, the tank sizing, and required water depth, and numbers of TLDs are given according to the numerical results of different cases. Comparisons between uncontrolled and controlled displacement and acceleration responses of the DITM under wind forces show that the designed shallow tank has higher efficiency than the deep one, which can effectively reduce the structural response amplitudes and enhance the comfortableness of the mansion. The preliminary TLD design procedure presented in this paper could be applied as a reference to the analysis and design of the wind-induced vibration for high-rise buildings using the TLD.
Introduction
In recent years, the newly developed construction technologies toward lighter and stronger materials have facilitated the realization of more and more high-rise buildings in urban areas where space usage is demanding 1 . This kind of structures have, in general, low frequencies and damping ratios associated with their fundamental oscillation modes, and when subjected to dynamic loadings, they may experience large amplitudes of bending and torsional oscillation. Especially, if a high-rise building was built in a wind prone area, the building would experience large deflection due to mean wind and considerable vibration due to aerodynamic effects. Serious vibrations may cause fatigue damage in structural members, and thereby increasing the maintenance cost of the building. In addition, the excessive acceleration magnification will also frequently cause occupants' discomfort 2, 3 .
The suppression of these oscillations has become one of the major concerns to civil engineers. A number of methods exist for improving the performance of existing structures to meet the requirements. Strengthening of the buildings or the installation of a base isolation system is complicated, difficult, and expensive. Therefore, incorporating control devices such as the active and passive tuned mass dampers AMD and TMD 4, 5 , tuned liquid dampers TLD 6, 7 , and tuned liquid column dampers TLCD 8, 9 have been proposed to mitigate excessive oscillations. Among many varieties of control devices, the TLD is a good candidate. A TLD consists of one or multiple rigid tanks, partially filled with a liquid usually water , which is typically located near the top of a building. As the building moves in the severe wind or earthquake attack, the fluid contained within the tank begins to slosh. The fluid thereby absorbs vibrational energy from the structure and transforms it into kinetic and potential energy of the sloshing fluid. The sloshing energy is subsequently dissipated through the fluid's viscosity, or drag produced by flow dampening devices such as baffles, poles, nets or screens 10 . This kind of device is particularly well suited for tall buildings, since they usually contain water storage for potable or emergency use. With the already available water utilized and proper modifications to the existing storage tanks, a TLD can be formed without introducing an unnecessarily large additional mass and only require very low maintenance and operating cost. Furthermore, its natural frequency and damping characteristics can be modified easily by changing the geometry of the tank, the depth of the liquid layer, and the properties of the contained liquid 11 .
Since TLD was first proposed by Bauer 12 for suppressing horizontal vibration of building structures, many experimental and numerical research studies were done over the past few years to illustrate the effectiveness of a TLD as a vibration-control device for structures subjected to both harmonic and broad-band excitations. Soong and Dargush proposed the use of a single TLD with a rectangular plan in control of vibration modes along orthogonal two directions 13 . Zhang et al. proposed a liquid damper that can reduce bidirectional response using crossed tube-like liquid container 14 . Tamura et al. reported vibration control effect of cylindrical TSDs obtained for both orthogonal axes of the building plan based on measurement of acceleration response 15 . Research 16 has been done to study the application of rectangular liquid dampers to reduce the vibration of multidegree of freedom structures. Multiple tuned liquid dampers, which consist of a number of tuned liquid dampers whose natural frequencies are distributed over a certain range around the fundamental natural frequency of the structure, were suggested Fujino et al. 17 who referred to the idea of multiple tuned mass dampers 18 for more effectively suppressing dynamic responses, because the modal frequency of structure is not uncertain in practice. Very recently, Samanta and Banerji 19 investigated a modified TLD configuration to improve the effectiveness of TLDs.
This paper presents a practical example for the effectiveness and feasibility of using TLDs on the Dalian international trade mansion DITM , a super high-rise RC structure, to control wind-induced vibration. The preliminary design procedure for initial TLD sizing design for a high-rise building is summarized and outlined, which could be applied as a reference to the analysis and design of the wind-induced vibration for high-rise buildings using the TLDs. 
Analytical Model

Mansion Outline
The DITM is being built in the center of Dalian city of China, which is of 81 stories including one-story basement with the size of 339 m high and 77.7 m long in the east-west direction and 44 m wide in south-north direction. The total building area is 290,000.00 m 2 . The DITM is the highest building in the northeast of China shown in Figure 1 20 . Since the basic wind pressure in the Dalian region is 0.75 KN/m 2 and the mansion is slender, that is, the ratio of height over width is 6.7, it is relatively more flexible to large wind-vibration action in the horizontal direction. Consequently, the water tanks in the building will be designed as the turned liquid dampers to reduce its horizontal displacement and acceleration. Figure 2 shows the 3D finite element FE analytical model and the ichnography of the top story. The overall model has 34,308 node elements, 34,791 frame elements, and 29,071 shell elements, considering 36 section types and 11 materials' properties.
Simplified Model
As known, due to inherent nonlinear liquid damping, iteration is generally required in order to obtain the dynamic response of TLD-structure systems. It is no doubt that a solution scheme resorting to iteration requires a great deal of computational effort in searching for optimal parameters of dampers numerically. It would be quite a time-consuming task to carry out a detailed design of the damper. On the other hand, for a large-scale complicated structure like the DITM, whose three-dimension finite element FE model may have tens of thousand of DOFs, to facilitate design of the TLDs, a systematic and efficient approach is needed to solve such a computationally demanding problem. Considering that the structural stiffness of the structure in two horizontal directions is obviously different, it could mainly The damping matrix of structure is expressed as the Rayleigh orthogonal damping formulation, and the damping ratio of the first two modes is chosen as 4%. Here, the diagonal elements of mass, stiffness, and damping matrices are illustrated in Figure 3 . The natural frequencies of the first two modes are obtained by the FE model of the original structure and simplified model, and their relative errors to compare the accuracy of two models are calculated by
where T f and T s is the periods of finite element model and simplified model, respectively.
The results are listed in Table 1 . And the comparisons of first two modes of two models are shown in Figure 4 . As known, a TLD generally need to be designed to operate at or near the resonant frequency of the structure in order to maximize the absorbed and dissipated energy, and thus maximize the benefit of the TLD. It can be seen from Table 1 and Figure 4 that the errors of computational results of the two models are quite small so that the simplified model can be applied to calculate the vibration responses of original structure to environmental loadings. 
Wind Load
Pulse Wind Load Simulation
In wind engineering, the unitary wind pressure spectrum, suggested by Zhang 22 , is the most popularly used one that has the same spectrum value in height
where V 10 represents the mean wind velocity on the height of 10 meters m/s , f is the pulse frequency Hz . Considering one-dimensional random process {f t } with n variables and zero-mean value, that is, f 1 t , f 2 t , f 3 t , . . . , f n t , their power spectrum density function could be expressed as 23 :
where
and μ Z means the pulse coefficient at the kth story, shape coefficient, and varying coefficient of wind pressure along height, μ r and μ are the reoccurrence period coefficient and wind factor, w 0 and ΔA k represent the basic wind pressure and area of suffering wind at the kth story, and p kh exp −|Z k − Z h |/60 implies the vertical coherence factor of pulse wind.
Based on the Shinozuka theory 24 , the random process {f t } may be simulated by the following equation:
H jm ω ml cos ω ml t − θ jm ω ml φ ml , j 0, 1, 2, 3, . . . , n, 3.4
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where j is the maximum positive integer, Δω means the frequency increment calculated by Δω ω b − ω a /N in which ω a and ω b are the starting and ending frequency, φ ml denotes the random phase distributed in the range of 0, 2π , H jm ω ml implies the element in the matrix, H ω and H ω is the Cholesky decomposition of matrix S ω ; that is,
Based on the central limitation theorem, the random process {f j t } will gradually tend to be the Gauss process as N → ∞. And the time interval Δt should meet the requirement of Δt ≤ 2π/2ω b in order to avoid the sample superposition according to the sampling theory.
As mentioned above, the good samples can be acquired from 3.4 only if S ω is known, and N, ω b and Δt are properly selected. However, since this method would consume more time and energy while calculating, the Fast Fourier Transform algorithm FFT is introduced in 3.4 to obtain higher efficiency:
3.9
It can be known from 3.8 and 3.9 that h jm qΔt is the inverse Fourier transform of g jm lΔω , which is calculated by FFT. Thus, 81 samples of wind load are calculated by selecting N 8192, Δt 0.05, ω a 0, and ω b 60. The wind pressure time history of these samples acting on the top of structure is illustrated in Figure 5 and its theoretical and simulated spectra are shown in Figure 6 . It can be seen from these figures that the simulated results are perfect. To verify if the simulated wind load may represent the actual wind action, the wind velocity time histories on the top of the nearby high-rise building 200 m in height were measured by the smart ZDR-1F mode wind velocity instrument Figure 7 , the accuracy of which is as high as ± 0.5 0.05 * wind velocity m/s, the measuring range 1.5∼40 m/s, recognizing capability rate 0.1 mm, recording interval range from 2 second to 24 hours 2 s adopted in the measurement 25 . The working diagram is illustrated in Figure 8 . The measured results give the idea that the average velocity of these strong and stable samples is about 15.36 m/s, and Figure 9 is the wind velocity time history. 
Comparisons between Simulated and Actual Measured Wind Loads
The spectral comparison between simulated and recorded wind loads is depicted in Figure 10 . It is known from Figure 10 that they agree well each other, which indicates the fact that the simulated wind load is enough to represent the actual state and can be applied in the structural design and analysis.
TLD Principle and Design
TLD Working Principle
The TLD system may be a rectangle or circle tank fixed on the top of the building and may be one large tank or composed of some small tanks, in which the liquid in the tank may be deep or shallow. The TLDs will shake together with the building when suffering from wind load. The dynamic liquid pressure of generating surface wave acting on tank walls will reduce structural vibration. Usually, the TLDs are divided into two categories based on the ratio of liquid depth to the size in shaking direction inside the tank: the TLD of deep liquid if the ratio is larger than 1/8, otherwise, the TLD of shallow liquid. The damping is due to energy dissipation through the internal fluid viscous forces and wave breaking shallowliquid dampers . In the case of deep-liquid dampers, damping depends on the amplitude of liquid motion and on viscous forces. 
Shallow Liquid Theory
The following basic assumptions in deriving the equations of motion are adopted:
1 the liquid in the TLDs vibrates in two dimensions, 2 the liquid in the TLDs is incompressible and gyrating-free current, 3 the pressure on liquid free surface is invariable, 4 the friction may be produced only near boundary layers and on solid surface.
The liquid in TLDs may be divided into two parts according to the shallow wave theory, boundary layer and outside boundary layer, as shown in Figure 11 . The dynamic viscous damping is generated mainly by liquid inner friction in the boundary layer due to small liquid damping in outside of boundary layer, so the basic equation of motion of liquid in two-dimensional TLDs may be described by continuous equations and Navier-Stokes equation inside and outside boundary layer 26 ∂u ∂x
4.1
The equation of motion inside boundary layer is 
4.3
The liquid movement outside the boundary layer is treated as potential flow, velocity potential function, Φ, of which could be supposed as follows:
It is derived from potential function that 
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It is suggested here that the n value may be taken as n π 2 arccos tanh πε / 2 tanh πε/2 , 4.11
and then dynamic liquid pressure can be expressed as follows:
where M W 2pabh represents liquid weight in the TLD.
TLD Design
It is known that the average participating factor of the 1st mode in structural displacement response is about 92.07% and the 2nd mode is 6.67% by calculations. The two modal participating coefficients in the structural response are illustrated in Figure 12 .
As mentioned above, the only first mode response is controlled by the TLDs in design, since it dominates the total structural response in the tall building. Then, the 1st oscillation frequency of liquid in TLDs is tuned to the first modal frequency of structure according to the TLD tuning condition; that is,
Thus, the sizes of the TLDs, including the length R and depth H , are designed as listed in Table 2 .
Calculation of Wind-Induced Structural Vibration Reduction
Equation of DITM for Structure-TLDs System
The equation of motion for the structure-TLDs system is
where {x}, {ẋ}, and {ẍ} represent the structural displacement, velocity, and acceleration vectors, M , C , and K imply the structural mass, damping, and rigid matrices, {f t } denotes the pulse wind load vector acting on structure, {F TLD } means the control force vector of TLDs, and H is the position matrix of TLDs in which its ith column vector
1 is in jth column is that the ith group TLDs are installed on the jth story. 
Effectiveness of Vibration Reduction
In design, the TLDs are placed on the top story of building. Combining 5.1 with 4.9 and 4.12 , the structural dynamic response is calculated by the subprogram, ode23 in MATLAB package, to obtain the vibration-reducing rates, Re, as
where r 1 and r 2 are the displacements or peak accelerations on the top story without and with TLD control, respectively. The reduced displacement and acceleration amplitudes by installing the shallow liquid TLD are shown in Table 3 . Figure 13 shows the wave amplitude and time history of liquid oscillation force in the right side of liquid tank. Figures 14 and 15 typically depict the time histories of displacement and acceleration on the top story of structure. It is clear to know from Table 3 and Figures  13∼15 that the structural responses can be reduced to different grades by TLDs, and wave amplitude curves indicate that the liquid oscillation is obviously nonlinear, which causes partial amplifications in time histories of displacement and acceleration, and the liquid oscillation frequencies corresponding to these amplifications quickly vary. In general, the vibration-reducing effectiveness is very well and ideal and may meet the requirement for the design of wind-induced vibration of DITM.
Comparison with TLD Design of Deep Liquid Theory
The basic assumption of the deep liquid theory is that the liquid wave in TLDs is low and slow and its velocity potential function Φ Φ x, y, z, t can be deducted by solving basic equations with boundary conditions. According to the linear Bernoulli equation, the dynamic liquid pressure at any position in a rectangular TLD can be achieved. Thus, the force acting on structure will be the resultant force of dynamic liquid pressure on both left and right sides of rectangular TLDs, that is, 26 liquid density,ẍ T t denotes the story acceleration where TLD is located, and b n 4R/n 2 π 2 andω n t means the acceleration of liquid motion in TLDs. It is known from the previous section that the first modal response is dominant in the wind-induced vibration of high-rise structures. Therefore, controlling the first modal response is normally enough by TLDs. Thus, the equation of liquid motion in TLD is expressed as follows:ω
and by taking ζ 1 0.08 and adjusting ω 1 to first mode frequency of structure, 5.3 is rewritten as
where M T ρRBH, f 1 R/πH tanh π H/R , and a 1 8/π 2 . According to the tuning relation between frequencies of the TLD and structure, the design sizes of deep liquid TLDs are listed in Table 4 , in which the liquid mass is the same as shallow liquid.
The reduced displacement and acceleration amplitude on the top of structure by installing deep liquid TLD are shown in Table 5 .
Comparisons of vibration-reducing rates with two kinds of design plans of both deep and shallow liquid theories are summarized in Table 6 . It is clearly seen from Table 6 that the designed shallow tank has higher efficiency than deep one for both displacement and acceleration. Especially, it makes the vibrationreducing rates of displacement increase nearly 12% and 5% for acceleration. Thereby, it is recommended to utilize the shallow liquid theory to design the TLD in practical projects because of its higher efficiency.
Preliminary Design Procedure in Wind-Induced Vibration
Control by TLDs A preliminary design procedure was summarized and outlined for specified target structural response amplitude corresponding to wind-induced serviceability level accelerations. The simple design procedure allows a designer to apply well-known TLD design theory to a TLD equipped with damping screens.
Step 1. After calculating the basic frequency of high-rise structure, the TLD frequency is adjusted to the structural frequency.
Step 2. Combining with the practical situation of engineering projects, the liquid tank sizes for TLDs are designed by the shallow liquid theory.
Step 3. The number of tanks is decided after determining liquid tank mass. Usually, the tank mass is taken as about 1%-5% of the total structural mass.
Step 4. The proper positions are selected to install liquid tanks usually on equipment floors .
Step 5. The system of structure-tank interactions is calculated to obtain the structural responses by the shallow liquid theory.
Step 6. The design should be going on by returning to Step 3 and adjusting the number of tanks until the required results are achieved if the control effectiveness is not as good as expected, otherwise the design work ends.
Conclusions
The suppression of the significant oscillations of the high-rise buildings has become an important design consideration in recent years. It is, thus, necessary to find a cost-effective solution for suppressing the vibration. This paper gives a practical application for the effectiveness and feasibility of using the TLDs to the DITM, a super high-rise RC structure, to control wind-induced vibration. From both analytical and numerical inspections, some conclusions with practical significance can be drawn as the following.
1 It is normally difficult to use the software of current structural analysis to do the 3D dynamic analysis because of more time consuming and more hard disk space needed. Thus, the FE model of original spatial structure should be simplified. On the other hand, the calculation model of the super high-rise building is generally a bending-shear one; that is, its rigidity matrix is full rank. The triple diagonal matrix simplified by traditional methods is not reasonable, while the identification method of equivalent rigidity coefficients is the better one. To facilitate design of the TLDs, the equivalent stiffness approach is adopted here to simplify the model. It has been known by numerical comparisons that two models were in good agreement with each other. Therefore, the simplified model can substitute the spatial FE model in structural dynamic analysis, which could save much more computing time.
2 The harmonic synthetically method based on the trigonometric series superposition is used to simulate the pulse wind load for the DITM, and the FFT technique is adopted to make the calculation velocity faster. It has been proven by comparing the simulated wind velocity spectra with the on-site measured spectra that the approach adopted here is reliable and reasonable in the structural analysis.
3 Comparisons between uncontrolled and controlled displacement and acceleration responses of the DITM under wind forces show that the designed shallow tank has higher efficiency than the deep one, which can effectively reduce the structural response amplitudes and enhance the comfortableness of the mansion. According to numerical results, the final designed TLDs on the top of structure suffered pulse wind load could efficiently make the reduction rates be as high as 17% for structural peak displacement and 23.8% for peak acceleration.
4 The preliminary TLD design procedure summarized in this paper could be applied as a reference to the analysis and design of the wind-induced vibration for high-rise buildings using the TLD.
